Statins are indicated in patients with elevated levels of high-sensitivity C-reactive protein and normal low-density lipoprotein cholesterol based on results of the multicountry trial, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) (2003)(2004)(2005)(2006)(2007)(2008), but the benefit in real-world populations remains unknown. We sought to generalize JUPITER results to trial-eligible population using data from the UK Clinical Practice Research Datalink (CPRD), 2001-2014. We multiply imputed missing baseline characteristics for the CPRD population and selected the trial-eligible participants as the target population based on observed and imputed values. Trial participants were weighted to be representative of the CPRD population (n = 383,418) based on individual predicted probability of selection into the trial. Trial participants were also standardized to the CPRD population without missing values (n = 2,677). In JUPITER, rosuvastatin reduced cardiovascular risk with a 3-year risk difference of −2.0% (95% confidence interval (CI): −2.9, −1.1). The rosuvastatin effect was muted in the first 2 years but remained strong at 3 years after standardizing to the imputed CPRD population (3-year risk difference = −2.7%; 95% CI: −5.8, 0.4) and the CPRD population without missing data (3-year risk difference = −1.7%; 95% CI: −3.5, 0.1). The study serves as an illustration of possible approaches to understanding generalizability of trials using real-world databases given limitations due to missing data on inclusion/exclusion criteria.
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Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are widely prescribed for the primary prevention of cardiovascular disease (CVD) (1) . Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) showed that rosuvastatin effectively reduced the risk of CVD in individuals not at high risk for CVD because of elevated low-density lipoprotein cholesterol (LDL-C) but with elevated levels of high-sensitivity C-reactive protein (hs-CRP) (2) . As a well-designed and properly conducted randomized clinical trial (RCT), JUPITER has strong internal validity. However, the external validity of the JUPITER trial has been called into question because the subjects enrolled in the JUPITER trial may not represent the real-world population of interest (3) . The heterogeneous effect of rosuvastatin in the JUPITER trial (4) (5) (6) and the general selection of trial participants would need to be taken into account when generalizing the expected benefit of rosuvastatin to a representative population of real-world patients who meet JUPITER inclusion criteria.
To generalize RCT results to real-world populations, we need to standardize the distribution of factors affecting treatment efficacy in the RCT population to that observed in the realworld population. With multiple effect modifiers, standardization quickly becomes intractable. Cole and Stuart (7) therefore proposed a weighting approach based on predicting the individual probability of being in the trial versus the target population as a function of multiple factors and to reweight the RCT participants to be representative of the target population. This idea is a generalization of the same concept as propensity score weighting to control for confounding (8, 9) .
While compelling in theory, in practice, data on RCT inclusion/exclusion criteria and effect modifiers are likely to be missing in a portion of the target population, because measures for systemic inflammation (such as hs-CRP) and for chronic kidney disease are not routinely recorded in existing real-world data. Physicians are more likely to order these tests for patients at higher risks for CVD. This leads to a selection of the study population representing the target population. Ignoring individuals in the target population with missing values on effect modifiers could thus result in the wrong target population.
The objective of this study was to estimate the effect of rosuvastatin initiation on the risk of CVD events in the UK population who would have been eligible for the JUPITER trial, as represented in the Clinical Practice Research Datalink (CPRD) population (10) , by generalizing the results of the JUPITER trial to the target population and addressing both selection into the trial and issues related to the identification of a study population that represents the target population.
METHODS

Study population
The JUPITER trial (ClinicalTrials.gov identifier: NCT00239681) was a randomized, double-blind, placebo-controlled trial of rosuvastatin (20 mg daily) for the primary prevention of CVD events, enrolling 17,802 patients with subclinical systemic inflammation but without hypercholesterolemia from 26 countries between 2003 and 2008 (2) . Briefly, eligible patients were men aged ≥50 years or women aged ≥60 years who had elevated hs-CRP levels but did not have hyperlipidemia (i.e., hs-CRP ≥2.0 mg/L, LDL-C <130 mg/dL, and triglycerides <500 mg/dL). The exclusion criteria included a history of CVD, diabetes, and cancer. The primary endpoint was the occurrence of a first major CVD event, defined as nonfatal myocardial infarction, nonfatal stroke, hospitalization for unstable angina, arterial revascularization procedure, or confirmed death from cardiovascular causes.
The target population that we chose in this study consisted of patients in the CPRD who would have been eligible to participate in the JUPITER trial. The concept of the algorithm used to identify the eligible patients is described as follows and in Web Figure 1 (available at https://academic.oup.com/aje). The flow chart of study cohort selection is included in Web Figure 2 .
We selected all men aged ≥50 years and women aged ≥60 years with ≥2 years of registration with a general practitioner after the practice came "Up-to-Standard" (i.e., the practice data met the CPRD's quality criteria), during the study period from January 1, 2001, through December 31, 2014. The date of meeting both age and registration-time requirements was defined as cohort entry date. Patients were required to have no history of CVD, diabetes, or cancer and to have received no prescriptions of any lipid-lowering drugs before or on the cohort entry date. CVD and cancer events were defined as 1 diagnosis Read code, and diabetes was defined by a diagnosis Read code, receipt of any antihyperglycemic drug, or abnormal glucose or hemoglobin A1C test results (fasting plasma glucose ≥7.0 mmol/L or hemoglobin A1C of ≥6.5%). The eligibility time period was defined from the cohort entry date to the earliest date of the following events: diagnosis of CVD, diabetes, or cancer (except for basal-cell or squamous-cell carcinoma of the skin); initiation of any lipid-lowering agents; death; the last day of data collection from the general practice; migration out of the general practice; or the end of study (December 31, 2014) . For each patient, we randomly selected an index date from all the dates of general practitioner visits within the eligibility time period. General practitioner visit was defined as having a medical record with consultation types of Clinic or Surgery Consultation visit from the Clinical Table in the CPRD.
Covariates and missing data
In the CPRD, the baseline characteristics and laboratory measurements were assessed for each patient, using data within 24 months prior to the index date, including demographic information, body mass index (BMI), tobacco smoking status, laboratory tests, medical history, medication use, and indicators of health-care use. To account for possible data-entry errors in the CPRD and JUPITER, we applied trimming rules for all laboratory tests and measurement results, and we made further considerations for hs-CRP values given that underlying hs-CRP values could be masked by infection, both of which we outline in detail in Web Appendix 1.
We imputed missing baseline characteristics and laboratory measurements among the eligible CPRD patients, using multiple imputation (11) (12) (13) (14) (15) . Multiple imputation relies on the assumption that data are missing at random. This means, for example, that missingness of hs-CRP may depend on observed patient characteristics but does not depend on the (unknown) actual value of the hs-CRP or other unobserved data within strata of measured predictors. We used a multivariate normal imputation model fit by Markov Chain Monte Carlo simulation to impute all missing data in 20 imputed data sets. Each imputed data set was then analyzed separately, and the results from the 20 analyses were combined using Rubin's formula to give overall estimates while accounting for the variability across the imputed data sets (14) .
After imputing missing baseline characteristics for all CPRD patients, we selected the patients who satisfied the trial criteria based on actual or imputed values (e.g., LDL-C value of <130 mg/dL, hs-CRP value of ≥2.0 mg/L, and triglyceride value of <500 mg/dL) in each imputed data set. These cohorts were called the imputed cohorts, the main study populations to represent the target. To assess the potential selection of the target population due to missing values, we examined another study population consisting of patients with complete data only. From all eligible CPRD patients, we selected only patients who had complete data on BMI, smoking status, LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides, total cholesterol, systolic and diastolic blood pressure, hs-CRP, serum creatinine, and glucose at the index date and then included those who met the inclusion criteria of the JUPITER trial based on actual laboratory measurements. Following the usual terminology in missing data settings, we refer to this selected study population as the complete case cohort.
Statistical analysis
To generalize the JUPITER trial results to the target population, we estimated the probability of selection into JUPITER by combining JUPITER and the target population into a single data set. Given the large size of the JUPITER trial and the target population, we estimated the probability of selection into JUPITER using a logistic regression model that included all factors potentially affecting selection and higher-order product terms for the joint distribution (7). The higher-order and interaction terms included in the logistic model were selected to achieve marginal balance of covariates between the trial and target populations. Next, we used the standardized mortality or morbidity ratio method to assign selection weights to each JUPITER trial participant depending on their individual characteristics. These selection weights were calculated as the odds of 1 minus the predicted probability of selection into the trial and scaled by multiplying with the (marginal) odds of being in the trial (9) . Within the reweighted JUPITER trial, we then used Cox proportional hazard models (with robust variance estimator) to estimate hazard ratios and their 95% confidence intervals for the comparison of major cardiovascular events between those randomized to rosuvastatin versus placebo. We calculated the weighted risk difference using a nonparametric method accounting for non-CVD competing causes of death, and we obtained standard deviations from 200 bootstrap data sets to calculate 95% confidence intervals (16) . To a The variables chosen for multiple imputation and for the model of selection into the trial were based on their high relevance to cardiovascular diseases. Several laboratory tests were used in the exclusion criteria of JUPITER but were not selected here because of large missingness in the CPRD and not being strong predictors for cardiovascular disease.
b The distributions of the variables were very similar across the 20 imputed data sets. Thus, we presented the results from a randomly selected imputed data set in the table. c The imputation model included the following variables: age, male sex, BMI, weight within 2 years prior to the index date, previous weight recorded before 2 years before the index date, tobacco smoking status within 2 years prior to the index date, prior smoking status recorded before 2 years before the index date, diagnosis related to smoking, smoking cessation prescriptions, diagnosis of alcohol abuse, DBP, SBP, LDL-C, HDL-C, log transformation of triglycerides, total cholesterol, log transformation of hs-CRP, glucose, serum creatinine, use of any nonsteroidal antiinflammatory drugs, use of angiotensin-converting-enzyme inhibitor, use of angiotensin II receptor blockers, use of beta blockers, use of loop or nonloop diuretics, use of calcium channel blockers, diagnosis of renal disease, calendar year, and number of general practitioner encounters. In addition, occurrence of major cardiovascular disease and rosuvastatin initiation were prospectively assessed within 2 years after the index date and were included in the multiple imputation model to improve the performance of imputation.
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Generalizing RCT Results to a Target With Missing Data 819 Abbreviations: BMI, body mass index; CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IQR, interquartile range; JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
a Weights were truncated at 20. We chose our truncation weight of 20 based on comparing the distribution of covariates between the trial-eligible CPRD population and the weighted trial population as well as the variance of the treatment effect estimate across various levels of truncation. The results without weight truncation are presented in Web Table 4 .
b The logistic regression model used to predict the probability of being selected in the imputed cohort included the following variables: age, age , glucose × LDL-C, log(triglycerides), log(triglycerides) 2 , log(triglycerides) 3 , log(triglycerides) × HDL-C, and total cholesterol. c We multiply imputed 20 data sets. We used one randomly selected imputed data set to select variables included in the selection model and to examine balance in baseline characteristics between the target population and JUPITER. Thus, we presented the results from this randomly selected imputed data set in the table.
d Absolute standardized differences in baseline characteristics between the weighted JUPITER trial and the target population are presented in Web Table 5 and were less than 5%. We calculated absolute standardized differences using SAS (SAS Institute, Inc.) Macro stddiff% (29) .
e Weight (kg)/height (m) 2 . f Moderate CKD was defined as the eGFR <60 mL/minute/1.73 m 2 . eGFR was calculated using serum creatinine values and the Modification of Diet in Renal Disease Study equation. Patients on dialysis or with eGFR <15 mL/minute/1.73 m 2 were excluded from the study population. Abbreviations: BMI, body mass index; CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IQR, interquartile range; JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
a Weights were truncated at 20. We chose our truncation weight of 20 based on comparing the distribution of covariates between the trial-eligible CPRD population and the weighted trial population as well as the variance of the treatment effect estimate across various levels of truncation. The results without weight truncation are presented in Web Table 6 .
b The logistic regression model used to predict the probability of being selected in the complete case cohort included the following variables: age, age , SBP × antihypertensive drugs, HDL-C, HDL-C × smoker, LDL-C, LDL-C × male, glucose, log(triglycerides), log(triglycerides) 2 , log(triglycerides) 3 , log(triglycerides) 4 , and total cholesterol. c Absolute standardized differences in baseline characteristics between the weighted JUPITER trial and the target population are presented in Web Table 7 and were less than 5%. We calculated absolute standardized differences using SAS (SAS Institute, Inc.) Macro stddiff% (29 reduce the influence of large weights and to increase the precision of the estimate, we implemented weight truncation of predicted probabilities (17) . Because only 806 of JUPITER participants were aged 80 years or older, we also reestimated the generalized treatment effect among patients less than 80 years of age. All statistical analyses were performed with SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina). This study was approved by the Institutional Review Board at the University of North Carolina at Chapel Hill and by the Independent Scientific Advisory Committee for Medicines and Healthcare products Regulatory Agency database research in the United Kingdom.
RESULTS
In the CPRD, we identified a total of 1,438,355 men aged ≥50 years and women aged ≥60 years who had no medical history of diabetes, cancer, or CVD at cohort entry. As expected, many patients had missing data for BMI, smoking status, and relevant laboratory tests (Table 1 ). Blood pressure was the best recorded variable, with 23% missing, followed by smoking status, with 35% missing. Fifty-eight percent of patients had missing BMI and 58%-70% had missing cholesterol data. Values for hs-CRP were missing in 88%. After imputing missing data, the proportion of individuals identified as current smokers decreased from 21% to 18%, but the distribution of all other variables was comparable with data before imputation. Among these approximately 1.4 million CPRD patients, only 10,271 (0.7%) patients had complete data on BMI, smoking status, and all relevant laboratory tests.
After imputing missing data, a total of 383,418 patients (27% of the initial cohort) would have been eligible for the JUPITER trial. Table 2 presents the baseline characteristics of the imputed cohort and the JUPITER trial participants. Compared with the imputed cohort, the JUPITER trial participants tended to have higher BMI but lower hs-CRP and HDL-C levels, and they were more likely to receive aspirin and antihypertensive drugs, to be female, and to be free of moderate chronic kidney disease. As expected, the baseline characteristics of the weighted trial participants were very similar to that of the imputed cohort. Also expected, weighting did not affect randomization, as demonstrated by similar covariate distributions in the weighted rosuvastatin and placebo arms.
Among the 10,271 CPRD patients with complete data on all relevant variables, 2,677 (26%) patients would have been eligible to participate in the trial. Compared with the imputed cohort, individuals in the complete case cohort were less likely to be male, to be current smokers, or to have moderate chronic kidney disease. The patients in the complete case cohort were also more likely to receive antihypertensive drugs or aspirin and to have higher BMI and worse lipid levels. Web Figure 3 presents visualized comparison for baseline characteristics among the JUPITER trial and two target populations. Table 3 Table 8 ) and then combined into overall estimates to account for variability.
characteristics between the complete case cohort and the JUPI-TER trial participants. The JUPITER trial participants were more likely to be older and male, to have lower hs-CRP and lipid levels, and to receive aspirin, but were less likely to receive antihypertensive drugs. The hazard ratio for the effect of rosuvastatin initiation on primary CVD prevention was 0.56 (95% confidence interval (CI): 0.46, 0.69) based on the intention-to-treat analysis in JUPITER (2), and it was attenuated to 0.74 (95% CI: 0.45, 1.25) after weighting to the imputed cohort. We estimated a hazard ratio of 0.71 (95% CI: 0.45, 1.11) after truncating the selection weights at 20 (Figure 1) . After weighting the trial participants to the complete case cohort, the hazard ratio of the rosuvastatin effect was 0.71 (95% CI: 0.46, 1.10), which was similar to the estimate obtained by weighting to the imputed cohort, despite the differences in characteristics between the two cohorts. The hazard ratio remained 0.68 (95% CI: 0.45, 1.03) with weight truncated at 20. In a test for interaction between treatment and follow-up time, there was no clear violation of the proportional hazards assumption in the JUPITER trial and after standardizing to the complete case cohort. However, the proportional hazards assumption was violated in the JUPITER trial after standardizing to the imputed cohort due to a few patients in the placebo group who had large weights (>10) and developed CVD at approximately 3 years. We still report the hazard ratio but also report cumulative incidences, which might be more valid in this setting. Figure 2 and Table 4 show the plots and estimates of crude and weighted cumulative incidences of CVD events, respectively. Rosuvastatin was associated with an absolute reduction in the cumulative incidence of CVD events of 3.3 percentage points (95% CI: 2.1, 4.5) at 4 years ( Figure 2A ). After weighting to the imputed cohort, the benefits of rosuvastatin did not emerge until the end of 2 years of treatment ( Figure 2B ), but with 5.8 percentage points, the risk reduction was larger at 4 years (95% CI: 1.0, 10.6). The trending of cumulative incidence was similar between the results of JUPITER (Figure 2A ) and the results after standardizing to the complete case cohort ( Figure 2C ). The absolute reduction in the cumulative incidence of CVD events associated with rosuvastatin became overt at the end of the first year from randomization and was 3.7 percentage points (95% CI: 1.2, 6.2) at 4 years.
When generalizing trial results to patients aged younger than 80 years in the imputed cohort (baseline characteristics are shown in Web Tables 1 and 2 ), the estimate of the rosuvastatin effects was stronger and more precise (hazard ratio = 0.55; 95% CI: 0.40, 0.77, without applying weight truncation, Figure 3) . The benefits of rosuvastatin became overt after the first year from randomization ( Figure 4 ) and the risk reduction was 2.7 percentage points (95% CI: 1.8, 3.6) at 4 years (Table 5) . Stronger benefits of rosuvastatin were also observed when generalizing to those aged <80 years in the complete case cohort (hazard ratio = 0.61; 95% CI: 0.42, 0.88, without applying weight truncation). Similar trending of cumulative incidence were observed with 2.9 percentage points (95% CI: 0.6, 5.3) at 4 years.
DISCUSSION
In this study, we showed that generalizing the JUPITER trial results to the UK target population who would have been eligible to be enrolled in the trial was possible and led to a finding of slightly attenuated but still beneficial effects of rosuvastatin on primary prevention of CVD in patients without hyperlipidemia. Reweighting the trial population allowed us to estimate a more realistic treatment effect in the target population while still benefitting from the advantages of randomization.
Our generalized estimate is still based on the trial population, including any effect of the trial on adherence and persistencewhat is often referred to as efficacy rather than effectiveness. The only difference between the original trial result and our generalized trial result is that we made the trial population similar to the target population by upweighting individuals less likely to be enrolled. We did so by implementing weighting methods that are widely used to achieve marginal balance of characteristics across treatment cohorts for confounding control (i.e., propensity scores) (18, 19) . These methods are infrequently used, however, in other settings, including for generalizing trial results.
While relying on simple principles and statistical techniques, the implementation of our method was hampered by the fact that Generalizing RCT Results to a Target With Missing Data 823 key inclusion criteria were available only in a selected subgroup of the target population. We addressed this selection problem by imputing missing values. We found that only a very small proportion of the CPRD patients had complete data on all relevant clinical variables, and that the imputed cohort and complete case cohort were quite different. The results indicated that selection of study populations without accounting for missingness on effect modifiers would fail to represent the target population from the real world.
Approaches dealing with missing data on confounders in nonexperimental studies have been extensively investigated with respect to bias (20, 21) . Common methods such as complete case analysis and use of missing indicators have been shown to yield biased estimates in realistic settings. In contrast, multiple-imputation methods lead to unbiased estimates under a more plausible assumption, the missing-at-random assumption. While confounding control is not exactly the same as generalizability, the methods to deal with missing values are likely , before and after standardizing to the complete case cohort and complete case cohort among patients aged <80 years without selection weight truncation. For the results from JUPITER standardized to the imputed cohort, the hazard ratios were first estimated in JUPITER standardized to each imputed data set (Web Table 9 ) and then combined into overall estimates to account for variability.
to share many characteristics across these settings. In our study, the missing-at-random assumption is likely violated to some extent for many factors, but it seemed plausible for routine laboratory tests and a measure of subclinical inflammation (i.e., hsCRP) in our setting. Previous studies of the UK primary care databases have suggested that BMI and blood pressure measurements were likely missing at random, and that prevalence of current smoking was similar to that observed in the national survey (22) (23) (24) . In addition, our study examined the older population who were free of major diseases (i.e., diabetes, CVD, and cancer). Among these relatively healthy older patients, laboratory tests may be more likely to be part of their routine examinations rather than due to anticipated abnormalities. Patients who were older or visited general practice more regularly may be more likely to receive routine examinations. The prediction of missing data based on measured patient characteristics varied widely, and more work is needed to identify situations where multiple imputation will not work. Multiple imputation has been shown to be useful, however, even in settings with modest prediction (25) .
Weighing by inverse probability of missingness is an alternative approach to dealing with missing data; however, standard applications require a monotone missing pattern when there are multiple missing variables (26, 27) , which was not the case in our data. We therefore implemented a simplified version of weighting as a secondary analysis. To bypass the assumption of monotone missingness, we created an overall missing indicator and reweighted the complete case population to the entire eligible population (Web Appendix 2). The results were similar to the results after standardizing to the complete case cohort.
The effect of rosuvastatin on primary prevention of CVD became attenuated after standardizing the trial results to the imputed or complete case cohort. This shift toward the null can be explained in part by more subjects aged ≥80 years and higher values of hs-CRP and HDL-C in the target population. Greater benefits of rosuvastatin on the relative-risk scale were observed in the JUPITER trial for patients with HDL-C ≤50 mg/dL than for those with HDL-C >50 mg/dL (hazard ratio = 0.50 vs. 0.73) and those with lower hs-CRP values at baseline (≤3.5 mg/L) than for those with moderate and after standardizing to the imputed cohort (B) and the complete case cohort (C) among patients aged <80 years without selection weight truncation and with accounting for competing risk of any death. The cumulative incidence curves were plotted based on 20 imputed data sets (solid line for rosuvastatin group and dashed line for placebo group). levels (hazard ratio = 0.38 vs. 0.80 vs. 0.65), although these differences were not statistically significant. However, only 806 JUPITER participants were aged 80 years or older (Web Table 3 ), leading to an imprecise estimate of the treatment effect in this subgroup and limiting our ability to generalize the trial results to patients in that age group in the target population. Thus, we also generalized the trial results to those aged <80 years in the target population and found greater benefits of rosuvastatin in those relatively younger population.
We also observed a rosuvastatin effect on primary CVD prevention on the risk-difference scale after generalizing to the imputed cohort and complete case cohort (Figure 2 and Table 4 ). The JUPITER trial results and the results reweighted to the complete case cohort showed the effect of rosuvastatin on CVD prevention following the first year from randomization. In contrast, the risk reduction associated with rosuvastatin in the JUPITER trial generalized to the imputed cohort was not observed until the end of the second year from randomization and abruptly increased after 3 years. This is because the large increases in the cumulative incidence after 2.5 years of follow-up were observed only in the placebo group, resulting from a few patients who were over the age of 80 years with some less-prevalent characteristics (e.g., nonuse of aspirin and any antihypertensive drugs or higher HDL-C levels), and thus had large weights and also had incident cardiovascular disease. This pattern-that the rosuvastatin benefits on CVD were strong only after prolonged treatment-was also seen among patients aged ≥80 years in the original (i.e., unweighted) JUPITER trial but not for patients aged <70, 70-74, and 75-79 years (Web Figure 4) . In addition, when generalizing the trial results to the patients aged <80 years in the imputed cohort, the rosuvastatin effects also emerged at 1 year.
Our study has a number of limitations. We need to consider the validity of the assumption that we captured all characteristics related to selection into the trial and to treatment effect heterogeneity. This assumption is analogous to the assumption of no unmeasured confounding when estimating treatment effects in a nonexperimental study (7) . The CPRD includes a variety of data, allowing us to identify potential variables as comprehensively as possible; however, owing to the inherent limitations of the CPRD, race/ethnicity is not available. The JUPITER trial enrolled patients from various racial/ethnic groups and from 26 countries. It is possible that both factors would affect the probability of selection into the trial. Although race/ethnicity has been shown to affect LDL-C responses to statin treatment (28) , the subgroup analysis of the JUPITER trial showed no difference of racial/ethnic groups and regions on the treatment effect of rosuvastatin. Thus, the assumption of "no unmeasured effect modifiers" might still be plausible in this setting. We also assumed that we correctly specified the logistic models used to predict the probability of selection, although the true models are unknown. The weighted results could be sensitive to the model specification. In this study, we tested the selection models by examining marginal balance of covariates. In the future, more flexible methods, such as a generalized additive model or machine learning, may help relax this assumption of model specification. In addition, our generalized results were limited within the CPRD population to patients who would have been eligible for JUPITER. The JUPITER results cannot be generalized to subjects who are not represented in JUPITER due to the positivity assumption. Although we selected the target population strictly following the inclusion/exclusion criteria of JUPI-TER, there is a possibility of some violation of the positivity assumption. Despite the lack of an upper age limit in JUPITER, the oldest trial participant was 97 years of age, making it impossible to generalize trial results to patients older than that. Last, our estimate of the rosuvastatin effect on CVD after generalizing to the imputed cohort was very imprecise due to large weights in some patients. We applied weight truncation to increase the precision of the treatment effect estimate, but it made the weighted trial population slightly less representative of the target population. Despite these limitations, this generalization method based on weighting can still be an effective solution to translate the results of an RCT to real-world population.
In summary, after addressing selection into the JUPITER trial, the relative treatment effect of rosuvastatin on CVD events generalized to the UK target population eligible to enroll the JUPITER trial was slightly less pronounced but still present, especially with prolonged duration of treatment. Our study found that only a small fraction of the eligible CPRD patients had complete data on all effect modifiers and provides evidence for the need to impute missing data when generalizing trial results to target populations.
